INTRODUCTION
============

Pulsed electromagnetic fields (EMF) are widely used to facilitate fracture healing of the osteotomy site, un-united fractures, and spinal fusion in humans.[@B1]-[@B4] It has been shown that EMF have a significant effect on bone formation and fracture healing through stimulating osteoblast proliferation and mineralization,[@B5] endothelial cell proliferation, and capillary formation.[@B6] Those proliferative and synthetic effects of EMF were mediated by complex molecular mechanisms, i.e., insulin receptor substrate-1 (IRS-1), the S6 ribosomal subunit kinase, the endothelial nitric oxide synthase (eNOS),[@B7] c-myc and c-fos gene expression,[@B8] and an insulin-like growth factor and its receptor.[@B9],[@B10] Furthermore, EMF enhances chondrogenesis and endochondral ossification, which appears to be dependent on stimulation of the progenitor cell pool.[@B11]

Intervertebral disc (IVD) is a fibrocartilagenous structure connecting the upper and lower vertebral body, providing mobility and stability of vertebral column.[@B12] Degeneration of IVD caused by various genetic and environmental factors renders significant health care problems and increases socioeconomic cost.[@B13] IVD is composed of the outer annulus fibrosus and inner nucleus pulposus. Cells from the nucleus pulposus exhibit chondrogenic phenotype expressing aggrecan type I collagen,[@B14] with a less mitogenic effect under the influence of a growth factor compared to those from annulus fibrosus.[@B15],[@B16] Various therapeutic approaches have been tried to regenerate IVD and/or prevent degeneration of IVD, including cell therapy, gene therapy, and tissue engineering.[@B17]-[@B20]

Despite numerous studies of EMF application to fracture healing, spinal fusion, and cartilage healing, the effect of EMF on IVD has not yet been investigated. Furthermore, the biologic effect of EMF on IVD cells in terms of cytotoxicity, cellular proliferation, and matrix synthesis chondrogenic phenotype expression still remains unexplored.

Accordingly, in this experimental study, firstly, we applied lower energy, and pulsed sinusoidal EMF on human IVD cells, and analyzed the biologic effects, i.e. cellular proliferation, matrix synthesis, and phenotypical expression. Secondly, we investigated the possible role of nitric oxide (NO) and prostaglandin E2 (PGE2) in biologic effect of EMF to human IVD cells.

MATERIALS AND METHODS
=====================

All of the experimental protocols were approved by the human subjects Institutional Review Board of our institution.

Patient data and tissue acquisition procedures
----------------------------------------------

Lumbar IVD tissues were obtained from eight patients (age range: 37 to 54 years) during surgical disc procedures, including discectomy alone and discectomy during posterior lumbar interbody fusion. Classification of the IVD of each patient as a grade of degeneration was performed based on magnetic resonance images of each disc, which is based on histological change according to IVD degeneration.[@B21] Grade III and IV degenerations were included in this study to minimize the effect of degeneration grades on the expression of phenotype and matrix synthesis. An attempt was made by the operating surgeon (SHM, HML) to carefully obtain tissue from the central aspect of the disc to optimize harvest of only the nucleus pulposus and transitional zone. Herniated disc material was strictly excluded from the current study. Disc tissue specimens were washed with Hank\'s balanced salt solution (HBSS) (Gibco-BRL, Grand Island, NY, USA) to remove blood and bodily fluid contaminants, and were then transported in sterile HBSS to the laboratory, less than 20 minutes following surgical removal.

Intervertebral disc cell culture
--------------------------------

Any obvious granulation tissue, dense outer annulus, and cartilaginous endplate were carefully removed from the disc tissue specimens. Disc cells were then isolated from the inner annulus and nucleus pulposus as described before.[@B22] Briefly, the dissected specimens were minced with a scalpel into pieces of approximately two cubic millimeters in volume. Disc tissues from the nucleus pulposus and inner annulus were digested for 60 minutes at 37℃ under gentle agitation in a medium composed of equal parts of Dulbecco\'s Modified Eagle Medium and Ham\'s F-12 medium (DMEM/F12, Gibco-BRL Carlsbad, CA, USA) containing 5% heat-inactivated fetal bovine serum (FBS) (Gibco-BRL) with 0.4% pronase (Sigma, St. Louis, MO, USA) and 0.004% deoxyribonuclease II type IV (DNase, Sigma, St. Louis, MO, USA). The tissue was then washed 2 times with DMEM/ F12 and digested overnight under the same conditions, except that the pronase was replaced with bacterial 0.025% collagenase type II (Worthington Biochemical Corp., Lakewood, NJ, USA). Cells were filtered through a sterile nylon mesh filter (pore size: 70 um), counted in a haemocytometer, and plated in 24 well plates (Falcon, Franklin Lakes, NJ, USA) at a density of approximately 6×10^4^ cells/mL. Primary cultures were sustained for 2 to 3 weeks in DMEM/F12 containing 10% FBS, 1% v/v penicillin, streptomycin, and nystatin (all antibiotics from Gibco-BRL) in a 5% CO~2~ incubator with humidity. The culture medium was changed twice a week. Cell viability was determined by the trypan blue exclusion test. Secondary cultures after trypsinization of primary cultures were exclusively utilized to minimize the effect of subculture on the expression of phenotype.

Incorporation depolymerization of isolated cells into alginate beads
--------------------------------------------------------------------

The preparation of IVD cells in alginate beads was performed as described elsewhere.[@B23] Briefly, isolated cells from the primary culture with trypsinization were resuspended in sterile 0.15M NaCl containing 1.2% low-viscosity alginate (Sigma, St. Louis, MO, USA) at a density of two million cells per milliliter, then slowly expressed through a 22 gauge needle in a drop-wise fashion into 102 mM CaCl~2~ solutions. After gelation, the beads were allowed to polymerize further for a period of 10 minutes in the CaCl~2~ solution. After a wash in 10 volumes of 0.15M NaCl and 3 washes in 10 volumes of DMEM/F12 medium, the beads were finally placed in a complete culture medium. Ten beads were cultured in each well of a 24-well plate. To remove the cells from the alginate bead, wells were rinsed twice with 0.15M NaCl with gentle pipetting into the well. The rinse solution was incubated for 1 minute and was aspirated off. Three times of the volume of alginate in the dissolving buffer (55 mM sodium citrate and 0.15M NaCl) was added to the wells and the plates were incubated at 37℃ for 10 minutes with shaking.

Characteristics of EMFs and exposure condition
----------------------------------------------

EMF is designed similarly as reported previously.[@B24] Tightly winded with copper lining, the cylinder of the polyethylene tube with a diameter of 12 cm and a height of 30 cm was connected to an electric power supply. The cultured cell was placed in the central position in the cylinder shaped tool. The copper lining was designed for resistance of 650 ohme and the output of 1.8 militelsa (mT) magnetic flux density-measuring by Walker mode MG2A Gaussmeter, when the source of electrical power was connected. The wave generation was designed to generate the sinusoidal wave of 30 Hz and connected with the electric power supply that was designed for generating the sinusoidal of 30 Hz in the EMF of 1.8 mT. Cultures were divided into a control and EMF group with or without Monomethyl-L-arginine (NMMA)(300 Um) and acetylsalicylic acid (ASA)(200 ug/mL). EMF exposure to cultures was set for 72 hours.

Study design
------------

To investigate the effect of EMF on human IVD cell cultures, IVD cells were subjected to EMF exposure for 72 hours and then cells were analyzed for proliferation, proteoglycan synthesis, mRNA expression of aggrecan, and type I, II collagen. To elucidate the mechanism of EMF action on IVD cell proliferation, IVD cells were treated with NMMA as an inhibitor of NO or ASA as an inhibitor of prostaglandin E2, and then exposed to EMF for 72 hours.

MTT assay
---------

After incubation for 48 hours, the viability of LF (ligament flavum) cells in each well was assessed using the MTT assay. Assays were done in triplicate; 200 µL MTT reagent (2 mg/mL culture medium) was added to each well and incubated for three hours in 5% CO~2~ at 37℃ with humidity. The supernatant was discarded and replaced with DMSO to dissolve the formazan product, which was measured at 550 nm in a spectrophotometric plate reader.

Reverse transcription-polymerase chain reaction for aggrecan, collagen type I, and collagen type II
---------------------------------------------------------------------------------------------------

Total cellular RNA was eluted by selective binding to a silica gel-based membrane using an RNeasy mini kit. Reverse transcription of RNA into cDNA was performed by incubating 1 µL of RNA in a reaction mixture containing 0.5 mg/mL cDNA reaction product and was used as the template to co-amplify β-actin, aggrecan, and collagen type I and II. PCR was performed using a DNA thermal cycler. The same reaction profile was used for all primer sets: an initial denaturation at 94℃ for 1 minute, followed by 25-40 cycles of 94℃ for 5 seconds, 47-50℃ for 5 seconds, and 72℃ for 30 seconds, and an additional 2 min extension step at 72℃ after the last cycle. Amplification reactions specific for the following cDNAs were performed: β-actin, aggrecan, collagen type I, and collagen type II. PCR products (5 µL) were analyzed by electrophoresis in 2% agarose gels, and detected by staining with ethidium bromide. The intensity of the products was quantified using the BioImage Visage 110 system (BioRad, Hercules, CA, USA).

DNA synthesis
-------------

DNA synthesis was measured by the \[^3^H\]-thymidine incorporation. 5 µCi/mL of \[^3^H\]-thymidine (Amersham Biosciences; 25 Ci/mmol specific activity) was added to the control and treated cultures for the 24 hours. The medium was then discarded and the cells were trypsinized with trypsin/EDTA. The trypsinized cells were filtered onto glass fiber filters (Whatman GF/C; Maidstone, England), and transferred to a scintillation vial. Filters were dried and counted in 3 mL of scintillation cocktail solution (Beckman Coulter Inc., Brea, CA, USA) in a Packard scintillation counter. The results of each experiment, expressed as cpm/well, are the means of three parallel cultures.

Newly synthesized proteoglycan
------------------------------

5 µCi/mL of \[^35^S\]-sulfate (Amersham Biosciences; 25 Ci/mmol specific activity) was added to control and treated cultures for the 24 hours. At the end of the culture the medium was collected and the beads were dissolved with 28 mM EDTA/0.15M NaCl. The cells were then placed in an extraction media (8M guanidine HCl solution, 5 mM sodium acetate (pH5.8), proteinase inhibitor) at 4℃ for 48 hours. Aliquots (200 µL) of the cell extracts were eluted on Sephadex G-25M in PD-10 columns under dissociative conditions. Fractions (1 mL) were collected in scintillation vial and mixed with 6 mL scintillation cocktail solution (Beckman Coulter Inc., Brea, CA, USA). Five fractions were collected per sample, and three meddle fractions were counted in a Packard liquid scintillation counter.

Statistical analysis
--------------------

One-way analysis of variance with Fisher\'s protected LSD post-hoc test was performed to test the difference in densitometric data and \[^35^S\]-sulfate labeled proteoglycan. The significance level was set as *p* \< 0.05.

RESULTS
=======

Cytotoxicity
------------

Human IVD cell cultures with 72 hour EMF exposure showed no cytotoxicity compared to the control, as measured by an MTT assay. Each culture demonstrated uniform increase in optical density in the MTT assay (data not shown), implying cellular proliferation without recognizable cytotoxicity.

DNA synthesis
-------------

Human IVD cell cultures in three dimensional alginate beads were exposed to EMF for 72 hours. Cellular proliferation as measured by ^3^H-thymidine incorporation significantly increased (53%) in the IVD cell culture with EMF, compared to cultures without EMF exposure (*p* \< 0.05). In the EMF exposure group, human IVD cell culture with NMMA demonstrated a 27% decrease in DNA synthesis compared to cultures without NMMA (*p* \< 0.05). Also in the EMF group, human IVD cell culture with ASA demonstrated a 30% decrease in DNA synthesis compared to cultures without ASA (*p* \< 0.05) ([Fig. 1](#F1){ref-type="fig"}).

Newly synthesized proteoglycan normalized by DNA synthesis
----------------------------------------------------------

Human IVD cell culture in three dimensional alginate beads were exposed to EMF for 72 hours. Newly synthesized proteoglycan as measured by \[^35^S\]-sulfate incorporation demonstrated no difference in new synthesized proteoglycan compared to control cultures. In the EMF exposure group, human IVD cell culture with NMMA demonstrated an 83% increase in newly proteoglycan synthesis compared to cultures without NMMA (*p* \< 0.05). Also in the EMF group, human IVD cell culture with ASA demonstrated a 60% increase in newly proteoglycan synthesis compared to cultures without ASA (*p* \< 0.05) ([Fig. 2](#F2){ref-type="fig"}).

Effect of EMF on the expression of aggrecan and collagen type I and II
----------------------------------------------------------------------

In densitometric assay of reverse transcription-polymerase chain reaction, human IVD cells culture in three dimensional alginate beads with 72 hours exposure of EMF revealed no significant changes in the expression of aggrecan, type I, and type II collagen mRNA expression ([Fig. 3](#F3){ref-type="fig"}).

DISCUSSION
==========

Biological reaction of human tissue to EMF is widely divided into two categories: First, in a hazardous way, focusing on a possibility of tumorogenesis by cellular proliferations; secondly, in beneficial way, applying EMF as proliferating cells and stimulating matrix synthesis for regenerating tissues. EMF induces cellular proliferation of articular cartilage cells and nasal cartilage cells and stimulates synthesis of extracellular matrix and GAG.[@B25] Furthermore, EMF affects osseous tissue in proliferation, differentiation, and expression of osteogenic phenotypes. Hence, these results have a significant implication in effective fracture healing with EMF.[@B2],[@B4],[@B5] Although there are numerous studies of EMF on various musculoskeletal tissue, there has been no such study for validating EMF effects on IVD cells *in vitro*. Therefore, this study systematically examined the biological effect of EMF on IVD cells, i.e., cytotoxicity, DNA synthesis, matrix synthesis, and expression of chondrogenic phenotypes. Moreover, the mechanism of the EMF effect on IVD was examined.

In this study, there was no recognizable cytotoxicity in IVD cells under the influence of EMF as evidenced by maintained and increased cellular proliferation in MTT assay. Significant cellular proliferation (53%), as measured by DNA synthesis, is noted with a 72-hour exposure of EMF compared to the control culture without EMF. In proteoglycan synthesis normalized by DNA synthesis, human IVD cells with 72-hour EMF exposure revealed a slight decrease in proteoglycan synthesis, compared to the control group without EMF exposure; however, such a finding was statistically not significant. A slight decrease in proteoglycan synthesis in IVD cells with EMF can be explained, in part, by the increased DNA synthesis in IVD cells with the exposure of EMF. Cellular proliferation might hinder matrix synthesis of IVD cells. In addition, we analyzed phenotypical expressions of aggrecan, collagen type 1, and collagen type 2 mRNA. The mRNA expression of aggrecan in the culture with 72-hour exposure of EMF showed no significant changes between the EMF group and the control. Thus, these results of proteoglycan synthesis, mRNA expression of aggrecan, and collagen type II denote that EMF appears to render significant cellular proliferation of IVD cells, without significant effect on IVD in terms of chondrogenic matrix synthesis and its phenotypical expressions.

As a second part of the study, human IVD cell cultures were treated with NMMA, an inhibitor of NO, ASA as an inhibitor of PGE2, and then exposed to EMF to validate the mechanism of EMF on IVD in terms of cellular proliferation. IVD cells with EMF and NMMA demonstrated a statistically significant 27% decrease in DNA synthesis (*p* \< 0.05). IVD cells with EMF and ASA revealed a statistically significant 30% decrease in DNA synthesis. (*p* \< 0.05) These findings denote cellular proliferation in IVD with EMF, in part, mediated by second messengers such as NO and PGE2. It has been reported that cellular proliferation and matrix synthesis are mediated by eNOS,[@B7] which is compatible to the current study. In addition to NO action, we can suggest that PGE2 mediated cellular proliferation can be a novel mechanism of EMF on cells. IVD cells with EMF, NMMA, or ASA exhibited increased proteoglycan synthesis, which could be explained by the fact that inhibition of cellular proliferation by NMMA or ASA might provide a suitable condition for matrix synthesis.

The characteristics of IVD cells which were utilized in this experiment can be debated. To minimize the effect of degeneration and dedifferentiation of IVD cells during the culture period, primary IVD cell cultures from IVD of grade III and IV degeneration were exclusively utilized.

The important point of this study is that EMF was applied to the IVD cell culture and the biological effect, especially cellular proliferation, of EMF on the IVD cell culture was demonstrated. Furthermore, we validated NO and PGE2 mediated cellular proliferation in IVD cells with EMF. With these results, the authors suggest a possible implication of EMF in IVD tissue. Firstly, EMF could be utilized in stimulating cellular proliferation as an amplification process in autogenous disc cell therapy to regenerate disc tissue. In disc tissue engineering, initial cellular amplification is of prime importance since excessive harvesting of autogenous disc tissue seemed to be clinically infeasible. With the proliferative effect of EMF in IVD cell cultures, a relatively small amount of disc tissue might be sufficient for autogenous tissue engineering.

One possible side effect with using the electromagnetic field could be excessive proliferation of cells and forming a tumor. It was impossible to address any metaplastic change of IVD cells under the influence of EMF with such a short duration (72 hours). However, the authors thought that EMF might render no significant metaplastic change in IVD cells since EMF was applied *in vitro* and with such a short period of time.

In conclusion, EMF stimulates cellular proliferation in human IVD cells while no significant changes in proteoglycan synthesis and the expression of chondrogenic phenotypes. Cellular proliferation by EMF is, in part, mediated by NO and PGE2.
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